Coherent Radar and Ladar Polarimeter 
Background of the Invention 

5 Cross Reference to Related Application 

[001] This application claims benefit of U.S. Provisional Patent Application Serial 
No. 60/425,775, filed November 7, 2002, entitled "Coherent Radar and Ladar 
Polarimeter" the entire contents of which is hereby incorporated herein by reference 
to the extent necessary to make and practice the present invention. 

10 

Field of the Invention 

[002] The present invention relates to devices and methods for determining a state 
of polarization of an electromagnetic signal and, more particularly, to determining the 
state of polarization of the signal in an efficient and rapid manner. 

15 

Related Art 

[003] Knowledge of the state of polarization of a signal reflected from a target scene 
provides a powerful means of discriminating real targets from clutter and 
background. In general, natural backgrounds giving rise to clutter reflect 
20 electromagnetic energy with little change in polarization, while man-made objects 
cause depolarization of these signals. 

[004] In the same way, knowledge of the polarization of electromagnetic radiation 
emitted passively from a target scene provides a powerful means of discriminating 
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real targets from clutter and background. In general, the emission polarization 
signatures of manmade objects will be different from that of natural objects. 
[005] Identifying the state of polarization of a signal based on determining the 
Stokes polarization vector components of the signal is known. In particular, a signal, 

5 such as a spectral band of light, or electromagnetic radiation in any spectral band, 
may be characterized as having four Stokes vector components (s 0 , s^, s 2 , and s 3 ). 
The component s 0 is proportional to the intensity of the wave. The components s^, 
s 2 , and s 3 may be related to the orientation of the polarization, e.g., an ellipse and its 
ellipticity. In general, the orientation of polarization of a plane (planar phase front) 

10 monochromatic (single frequency) wave is elliptical. However, the ellipse may 
degenerate into a straight line in the case of linear polarization, and for circular 
polarization, the ellipse may degenerate into a circle. Electromagnetic radiation of 
broad bandwidth (polychromatic radiation) may be considered to comprise many 
signals each of which is monochromatic and which is generally elliptically polarized 

15 as described above. 

[006] An elliptically-polarized wave can be considered as the superposition of two 
waves of arbitrary orthogonal (perpendicular) polarization and amplitude a^ and a 2 
with phase difference 8. In this case, the components of a Stokes polarization vector 
(s 0 , si, s 2 , and s 3 ) may be equated to amplitude (ai and a 2 ) and phase difference (5) 

20 as provided in the Table below: 
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TABLE 

*0 =G \ +0 2> 
S l =£l l ~ a 2> 

s 2 = 2a,a 2 cos S, 
s 3 = 2a,a 2 sin 8. 



Accordingly, based on the equations given above, the Stokes vector is known if the 
5 parameters ai, a 2 , and 5 are known. For further details concerning the Stokes 

polarization vector the reader is referred to the Principles of Optics, 3rd Edition, by M. 
Born and E. Wolf, Pergamon Press, Oxford, 1965, Chapter 1 of which is 
incorporated herein by reference to the extent necessary to make and practice the 
present invention. 

10 [007] One known way of measuring the Stokes vector components (s 0 , s^, s 2 , and 
s 3 ) is to place two polarizers and a retarder sequentially in an optical path. Insertion 
of a first polarizer into the optical path gives a measure of one of the linear 
polarizations and insertion of a second polarizer is accomplished to give the other 
linear polarization. A retarder is further inserted into the optical path to retard a 

15 signal having a given sense of polarization in phase relative to a signal having 

another sense, where the two senses are generally orthogonal to each other. Output 
from the retarder is a signal containing data that can be used to calculate 5 when the 
linear components are known. The disadvantage of this approach is that it involves 
moving parts, since these optical components must be placed successively in the 

20 optical path. Also, in a dynamic scene, a polarimeter using moving parts would give 
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smeared results, since the scene could change during the times that the polarizers 
are being changed. 

[008] Other ways of measuring the Stokes vector components have been proposed. 
For example, the paper entitled "Spectroscopic Polarimetry with a Channeled 

5 Spectrum" by Kazuhiko Oka and Takayuki Kato, published in Optics Letters, Vol. 24, 
No. 21, November 1, 1999 describes a system for spectropolarimetry which 
eliminates the need for inserting and removing polarizers into or out of the optical 
path. In particular, Oka and Kato employ a pair of birefringent retarders and an 
analyzer to modulate light so that the state of polarization of the light varies with 

10 frequency. The modulated light is then passed to a spectrometer or spectrum 
analyzer and then to a computer where, through Fourier analysis, the state of 
polarization of the modulated light is determined. Sabatke, et al., in Optical 
Engineering Vol 41, No. 5, May 2002, describe an imaging spectropolarimeter that 
uses two optical retarders and a polarizer, together with a Computed Tomographic 

15 Imaging Spectrometer, to measure the complete Stokes vector with no moving parts 
and U.S. Patent Application Serial No. 10/341,151 to McMillan, et al., filed January 
13, 2003, describes a polarimetric technique usable for microwave and millimeter 
wave frequencies. 

20 
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Summary of the Invention 
[009] In accordance with an embodiment of the present invention, a polarimeter 
comprises a receiver that is configured to receive a first polarization (P1) of the signal 
and to split the first polarization of the signal into the in-phase (l P i) and quadrature 

5 (Qpi) components and to receive a second polarization (P2) of the signal and to split 
the second polarization of the signal into the in-phase (l P2 ) and quadrature (Q P2 ) 
components. The polarimeter may also comprise a processor that is configured to 
receive each of the in-phase and quadrature components ((Ipi), (Qpi), (Ip2), and 
(Q P2 )) of the first and second polarizations and to determine the Stokes polarization 

10 vector components (s 0) Si, S2, and s 3 ) of the signal. 

[010] In accordance with another aspect of the invention, a method for receiving a 
signal and determining a state of polarization of the signal, comprises receiving a first 
polarization (P1) of the signal; splitting the first polarization of the signal into the in- 
phase (l P i) and quadrature (Q P i) components; receiving a second polarization (P2) of 

15 the signal; splitting the second polarization of the signal into the in-phase (l P2 ) and 
quadrature (Qp 2 ) components; and determining the Stokes polarization vector 
components (so, s-\, s 2 , and S3); 
where: 

s 0 =a P i 2 + a P2 2 ; 

20 Si=a P i 2 - a P2 2 ; 

s 2 =2apiap 2 cos8; and 
S3=2apiap 2 sin8; 
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given: 

8= 8pi- 8p2', 

8i=tan* 1 (Q/li); for i=P1, P2; and 
ai 2 = lj 2 +Qi 2 ; for i=P1, P2. 
5 [011] In accordance with another aspect of the invention, a computer program 
determines a state of polarization of a signal and may be embodied on a computer 
readable medium, the computer program may comprise: receiving as input in-phase 
(Ipi) and quadrature (Q P i) components of a first polarization (P1) of the signal; 
receiving as input in-phase (l P2 ) and quadrature (Q P2 ) components of a second 
10 polarization (P2) of the signal; and determining the Stokes polarization vector 
components (so, Si, S2, and S3); 
where: 

so=api 2 + a P2 2 ; 

2 2 
Si=api - ap2 , 

15 S2=2apiap2COs8; and 

S3=2apiap2sin8; 

given: 

8= 8pi- 8p2; 

8j=tan 1 (Qi/lj);for i=P1,P2; and 
20 ai 2 =li 2 +Qi 2 ;fori=P1,P2. 

[012] In a further aspect of the invention, a device transmits a signal and determines 
a state of polarization of a reflected signal. The device comprises a transmitter for 
transmitting a signal and a receiver for receiving a reflected signal. The receiver may 
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be configured to receive a first polarization (P1) of the reflected signal and to split the 
first polarization of the reflected signal into the in-phase (l P i) and quadrature (Q P i) 
components and receive a second polarization (P2) of the reflected signal and to 
split the second polarization of reflected signal into the in-phase (l P2 ) and quadrature 
5 (Qp2) components. The device may also comprise a processor that is configured to 
receive each of the in-phase and quadrature components ((l P i), (Q P i), (l P 2), and 
(Q P2 )) of the first and second polarizations and to determine the Stokes polarization 
vector components (so, si, S2, and S3) of the reflected signal. 



10 

Brief Description of the Drawings 
[013] Other objects and advantages of the invention will be evident to one of 
ordinary skill in the art from the following detailed description made with reference to 
the accompanying drawings, in which: 
15 [014] Figure 1 is a diagram illustrating a polarimetric radiometer in accordance with 
one embodiment of the present invention; 

[015] Figure 2 is a diagram illustrating a radar system in accordance with another 
embodiment of the present invention; and 

[016] Figure 3 is a diagram illustrating a portion of a laser radar system in 
20 accordance with a further embodiment of the present invention. 
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Detailed Description of the Preferred Embodiment 
[017] One embodiment of the present invention concerns a device and a method for 
determining a state of polarization of an electromagnetic signal in an efficient and 
rapid manner. In particular, instead of using two birefringent retarders and a 

5 polarizer as a modulator as described in the related art, the in-phase and quadrature 
phase components of the signal, as well as the amplitudes of the components, are 
used to measure the Stokes vector. In one particular embodiment, a processor may 
be configured to receive the in-phase and quadrature phase components of the 
signal and calculate, in real time, the Stokes vector components. 

10 [018] Referring now to Figure 1 , a polarimeter in accordance with one embodiment 
of the present invention is illustrated generally at 100. In this embodiment, the 
polarimeter 100 may comprise a receiver 102 and a processor 104. The receiver 
102 may be connected so as to receive a signal 105 which may comprise broadband 
(polychromatic) radiation. The signal 105 may be captured by an antenna 106 which 

15 may be of the Cassegrain type, although, it will be understood that any suitably 
configured device for receiving a signal at a desired frequency may be employed in 
the practice of the present embodiment. It will be appreciated that this antenna or 
objective optic, as described below, is preferably capable of receiving all 
polarizations of the signal without attenuating or distorting one polarization relative to 

20 another. As described in more detail below, the receiver 102 preferably functions to 
split the signal 105 into orthogonally polarized elements which are then each further 
split into in-phase and quadrature components later in the process. Also, the 
receiver 102 is preferably configured to receive signals at microwave or millimeter 
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wave frequencies, although, it will be appreciated that the receiver may be 
configured to receive at any desired frequency, such as in the visible or infrared 
spectrum with an appropriate choice of components. 

[019] The receiver 102 may comprise an ortho-mode or a polarizer 108, a first 
5 mixer/down converter or receiver/demodulator 110 and a second mixer/down 
converter or receiver/demodulator 112. The polarizer 108 is connected to receive 
the signal 105 from the antenna 106 and may function in a known manner to output, 
e.g., orthogonally polarized signals P1 , P2 at 1 14 and 1 16 that correspond to the 
signal 105. It will be recognized that the polarizer 108 may comprise a wire grid 
10 when the receiver 102 is configured for microwave and millimeter frequencies. 

[020] The first receiver/demodulator 1 10 and second receiver/demodulator 112 may 
include similar components, therefore for clarity, only the first receiver/demodulator 
110 is illustrated and described below. 

[021] The first receiver/demodulator 110 may comprise a mixer 118 that is in circuit 
15 with a local oscillator 120 and an amplifier 122. The mixer 118 may function to 
reduce the polarized signal P1 to an intermediate frequency where it may be 
amplified in the amplifier 122 and then may be passed to a splitter 124. The splitter 
124 may be provided to split the polarized signal P1 into an in-phase component l P i 
and a quadrature component Q P l One splitter found to be suitable for use in the 
20 practice of the present embodiment, may be obtained from the Mini-Circuits 
company of Brooklyn, NY. 

[022] Connected in circuit with the splitter 124, is a pair of mixers 126, 128 which 
may be provided for further reduction of the polarized signal components l P1l Q P i 
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from an intermediate frequency to baseband or to a second intermediate frequency. 
While a heterodyne system is preferable, it will be understood that rather than 
including a reference oscillator and a local oscillator, a homodyne system may be 
employed where a single oscillator further demodulates the signal components Ipi, 

5 Qpi to baseband. A reference oscillator 130 may be employed in a known manner to 
provide a selected frequency source to the mixers 126, 128. To maintain the proper 
phase relationships between the horizontal and vertical components P1 and P2, it 
may be necessary that the reference oscillator be common to both receivers. A 
phase shifter 132 may also be interposed between the reference oscillator 130 and 

10 the mixer 128. 

[023] The second receiver/demodulator 112 may include a local oscillator (not 
shown) and a mixer (also not shown) that may be phase locked with the local 
oscillator 120 and the mixer 1 18 of the receiver/demodulator 120 via a 
communication line 131 . Similar to the output from receiver/demodulator 110, output 

15 from the receiver/demodulator 1 12 are baseband or second intermediate frequency 
signal components Ip2, Qp2. 

[024] The baseband signal components l P i, Qpi, Ip2, Qp2 each may then be passed, 
via communication lines 133, 135, 137, 139 to an analog to digital converter 134, 
136, 138 and 140 for conversion into digital signals which may then be provided to 
20 the processor 104 via separate pathways 142, 144, 146, and 148. While separate 
digital pathways are shown, it will be appreciated that this is for illustrational 
purposes only and that a single pathway may be employed. 
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[025] The processor 104 may be any suitably configured device and may comprise 
a single processing device or may comprise an electronic control device, a lap top 
computer or desk top computer system and may communicate with memory storage 
150 via a line 152 in a known manner. Accordingly, the term "processor" as used 

5 herein is intended to describe any device capable of providing the desired output of a 
state of polarization of the signal 1 05. For example, output from the processor 1 04 
may include an indication of an average of the Stokes polarization vector 
components (s 0 , si, s 2 , and s 3 ) over the bandwidth of the signal 105. 
[026] In accordance with one feature of the present invention, the Stokes 

10 polarization vector components (s 0 , Si, s 2 , and s 3 ) of the signal 105 may be 
determined via the following formulas: 

2 2 

So=api + ap2 ; 

2 2 

s-i=api - ap2 ; 
S2=2apiap2COs8; and 
15 S3=2apia P2 sin8; 
Where: 

5=8pr 8p2l 

8j=tan" 1 (Qi/lj); for i=P1, P2; and 
a, 2 = li 2 +Qi 2 ; for i=P1, P2. 

20 

[027] In accordance with this embodiment of the present invention, the processor 
104 may be programmed, in a known manner via, e.g., firmware or software, to 
employ the above formulas and output the polarization vector components (s 0 , si, s 2 , 
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and s 3 ) of the signal 105 as illustrated at 154 to a display (not shown) or other device 
(also not shown) for further analysis such as comparison of the polarization of the 
target scene to known target polarizations, elimination of signals of unwanted 
polarization, discrimination of manmade objects from natural backgrounds, and 
5 general measurement of the polarization signature of any desired signal or target 
scene. 

[028] Another embodiment of a device in accordance with the present invention is 
illustrated generally at 200 in Figure 2. In this embodiment, the device 200 
comprises a radar system which may include many elements that are similar to those 

10 of the polarimeter 100, described above, and which are labeled with similar reference 
numbers that are preceded by a 2 rather than a 1 . For clarity, the device 200 will be 
generally described with respect to the main differences from the polarimeter 100 
and reference may be had above for additional details concerning a similar element. 
[029] Similar to the polarimeter 100, the device 200 may comprise a receiver 202, a 

15 processor 204 and an antenna 206. The receiver 202 may include a polarizer 208, a 
first or vertical receiver/demodulator 210 and a second or horizontal 
receiver/demodulator 212. The terms vertical and horizontal are used throughout the 
specification to denote a difference in polarization that is preferably orthogonal 
which, it is believed, simplifies the calculation of the Stokes vector components as 

20 described. 

[030] The polarizer 208 receives a reflected signal 205 captured by the antenna 206 
and may output, e.g., orthogonally polarized signals P1, P2 at 214 and 216. The 
vertical receiver/demodulator 210 and horizontal receiver/demodulator 212 may 
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include similar components and, for clarity, only the vertical receiver/demodulator is 
illustrated and described. 

[031] Similar to the first receiver/demodulator 1 10, the vertical receiver/demodulator 
210 may comprise a mixer 218, a local oscillator 220, an amplifier 222, a splitter 224, 

5 a pair of mixers 226, 228 and a phase shifter 232. The local oscillator 220 may be 
connected in circuit with a reference oscillator 230, e.g., via a phase lock 256 and a 
communication line 258. Output from the mixers 226, 228 are baseband signal 
components 1 P1 , Q P i and, similarly, output from the horizontal receiver/demodulator 
212 are baseband signal components l P2 , Qp2- 

10 [032] The baseband signal components Ipi, Qpi, Ip2, Qp2 each may then be passed, 
via communication lines 233, 235, 237, 239 to an analog to digital converter 260 
which may be configured to complete conversion of the signal components to, e.g., a 
concatenated digital signal which may then be conducted to the processor 204 via a 
single pathway 262. 

1 5 [033] In the present embodiment, the device 200 may further comprise a circulator 
264 and a transmitter 266. The circulator 264 may function in a known manner to 
separate passage of a signal 268 transmitted by the transmitter 266 from a reflected 
signal 205 received by the receiver 202. In the configuration shown, the output of 
the radar is horizontally polarized, but vertical polarization could be transmitted if the 

20 circulator and transmitter were placed at the vertical output of the polarizer or 
orthomode. 

[034] The transmitter 266 may be any suitable transmitter preferably operating 
within radar frequency but may also be capable of operating at any desired 
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frequency and appropriate output power. The transmitter 266 may be electrically 
connected in a known manner with the reference oscillator 230 via a phase lock 270. 
The transmitter 266 may also be in communication with the processor 204 via a 
communication line 272 whereby a transmitted signal 268 may be sampled by the 

5 processor so that, e.g., the state of polarization may be determined. 

[035] In this embodiment, the processor 204 may be programmed as described 
above in connection with the processor 104 and may additionally include 
programming which may use a known or determined state of polarization of the 
transmitted signal 268 and compare it to the state of polarization of the reflected 

10 signal 205 in order to identify a target signature. 

[036] Referring now to Figure 3, another embodiment of a device in accordance 
with the present invention is illustrated generally at 300. In this embodiment, the 
device 300 comprises a ladar system which may include many elements that are 
similar to those of the radar system 200, described above, and which are labeled 

15 with similar reference numbers that are preceded by a 3 rather than a 2. For clarity, 
the device 300 will be generally described with respect to the main differences from 
the device 200 and reference may be had above for additional details concerning a 
similar element. Also for clarity, a portion of the device 300 is omitted in Figure 3 
and it will be understood that the device may comprise an analog to digital converter 

20 and processor which may be similar to the analog to digital converters and 
processors, described above in connection with either of Figures 1 and 2. 
[037] The device 300 may comprise a receiver 302, a processor (not shown) and an 
antenna or objective optic 306. The receiver 302 may include a polarizer 308, a first 
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receiver/demodulator 310 and a second receiver/demodulator 312. The polarizer 
308 receives a reflected signal 305 that may be captured by the antenna 306 and 
passed through a lens 309 and may output, e.g., orthogonally polarized signals P1, 
P2 at 314 and 316. The first receiver/demodulator 310 and second 

5 receiver/demodulator 312 may include similar components, accordingly, for clarity, 
only the first receiver/demodulator is illustrated and described. 
[038] In the first receiver/demodulator 310, the signal P1 may be passed through a 
lens 31 1 to a mixer 318 which may also receive input from an acousto-optic 
modulator 313 which functions, in a similar manner, e.g., to the local oscillator 220, 

10 to provide an energy source 315 at a frequency determined by a reference oscillator 
330. A lens 31 7 may also be provided for focusing the energy source 31 5 at the 
mixer 318. A similar arrangement is associated with a mixer 319 which includes 
lenses 323 and 325 and which supplies the second receiver/demodulator 312. 
[039] The first receiver/demodulator 310 may further comprise an amplifier 322, a 

15 splitter 324, a pair of mixers 326, 328 and a phase shifter 332. Output from the 

mixers 326, 328 are baseband signal components l P1l Q P i and, similarly, output from 
the second receiver/demodulator 312 are baseband signal components l P2 , Q P 2- 
[040] The baseband signal components l P1 , Q P i, l P2 , Q P 2 each may then be passed, 
via communication lines 333, 335, 337, 339 to an analog to digital converter (not 

20 shown) which may be configured to complete conversion of the signal components to 
a digital signal which may then be conducted to the processor (also not shown). 
[041] The device 300 may further comprise a transmitter 367 which may be any 
suitable light frequency transmitter and may also be capable of operating at any 
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appropriate output power. The transmitter 366 may provide source energy to the 
acousto-optic modulator 313 and may also be in communication with the processor 
(not shown), as described above in connection with the transmitter 266, via a 
communication line 372. The transmitter 367 may be further configured to transmit a 
5 signal 368 which has a known state of polarization that may be communicated to the 
processor as also described above. A lens 374 may be provided to collimate a 
transmitted signal 368. 

[042] While the present invention has been described in connection with what are 
presently considered to be the most practical and preferred embodiments, it is to be 
10 understood that the present invention is not limited to these herein disclosed 

embodiments. Rather, the present invention is intended to cover all of the various 
modifications and equivalent arrangements included within the spirit and scope of the 
appended claims. 
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